Lanzhou, a valley-shaped city in northwestern China, experiences heavy air pollution. This study investigated the relationship between the oxidative capacity and heavy metal composition of the PM 10 in Lanzhou. Inductively coupled plasma-mass spectrometry (ICP-MS) was used to examine the heavy metal element composition and an in vitro plasmid assay was employed to study the bioreactivity of airborne PM 10 . The monitoring data revealed that the mass concentration of Lanzhou PM 10 exhibited seasonal variations at both the urban and suburban sites, with higher values in winter and spring, lower values in autumn, and the lowest ones in summer. The results of ICP-MS analysis showed that Zn was the metal present in the highest concentrations in both the whole and water-soluble fractions of PM 10 collected at both the urban and suburban sites, followed by Fe, Pb, and Mn. Furthermore, the results indicated that Zn, Cd, and As were present mostly in their soluble forms, while the Fe, Pb, and V were primarily in their insoluble ones. The plasmid DNA assay results indicated that the TD 20 values (toxic dosages of PM 10 causing 20% of plasmid DNA damage) of the Lanzhou PM 10 collected at both the urban and suburban sites ranged from 10 μg/mL to over 1000 μg/mL, and exhibited seasonal variations. The TD 20 values were high in spring and autumn, and thus the toxicities were low, while the TD 20 values were low in winter and summer, and thus the toxicities were high. For PM 10 collected at both the urban and suburban sites, the high concentrations of water-soluble Zn, Fe, Pb, and Mn displayed a strong negative correlation with the TD 20 values, suggesting that these metals were likely the major elements responsible for plasmid DNA damage. In addition, meteorological conditions (i.e., lower wind speed and higher relative humidity) during the sampling periods may have caused an indirect increase in oxidative damage to DNA.
INTRODUCTION
An epidemiological association between exposure to ambient particulate matter (PM) and increased incidence of mortality and morbidity due to lung cancer and cardiovascular diseases has been demonstrated by recent studies (Pope et al., 2002; Nawrot et al., 2007; Gotschi et al., 2008; Hsieh et al., 2011; Hung et al., 2012) . However, the causes of and mechanisms responsible for the adverse health effects associated with air particulate pollution are still unknown. A widely accepted hypothesis is that oxidative damage to plasmid DNA induced by airborne PM 10 is caused by bioavailable metals on the particle surface (Squadrito et al., 2001; Greenwell et al., 2002; DiStefano et al., 2009; Vidrio et al., 2009; Zhong et al., 2010) . Extensive research into ambient particulate matter, combustion emission particulates, residual oil fly ash, and diesel exhaust particles has shown that soluble heavy metal components produce reactive oxygen species (ROS), which can induce oxidative stress and inflammation in the lungs and respiratory tract (Dreher et al., 1997; Lambert et al., 2000; Risom et al., 2005; de Kok et al., 2006; Park et al., 2006; See et al., 2007; DiStefano et al., 2009; Vidrio et al., 2009; Zhong et al., 2010) . Moreno et al. (2004) and Shao et al. (2006 Shao et al. ( , 2007 suggested that soluble Zn might be the primary component responsible for oxidative damage of DNA. Furthermore, Lu et al. (2008) suggested that heavy metals in Shanghai PM 2.5 , including Cu, Zn, Pb, Cd, Cr, Mn, and Ni, might have synergic effects on plasmid DNA damage.
Gaseous and particulate air pollution in Lanzhou is known to be a cause of public health concerns, since the concentrations of gaseous and particulate pollutants in Lanzhou have been reported to be highest of all urban regions of China (Ta et al., 2004) . The urban area of Lanzhou is located within a valley and is surrounded by mountains and hills rising to 200-600 m on three sides. The city center is 1530 m above sea level and the valley spans approximately 35 km east to west and 2-8 km north to south. Such valley topography results in special meteorological conditions such as high calm wind frequency, frequent temperature inversions, and a thick temperature inversion layer, especially in winter. The poor air quality in the region can be ascribed to these special geographical and meteorological conditions. It has been reported that the topography results in a longterm inversion for about 310 days per year, causing the pollutants to be trapped at ground level (Wei et al., 1999) . Daily mass concentration of Lanzhou PM 10 can reach 600 μg/m 3 in winter and spring (Liu et al., 2008) . A number of epidemiological investigations in Lanzhou have shown that airborne PM has adverse effects on health (Wei and Hu, 2000; Wu et al., 2001) . However, few toxicological investigations regarding airborne PM have been conducted to date. Elucidation of sources of toxicity would be useful, helping to implement policies that could improve the respiratory health of Lanzhou residents.
The plasmid DNA assay is an in vitro method used to detect oxidative damage to plasmid DNA by free radicals. This method has been used to evaluate the bioreactivity of urban airborne particles and diesel exhaust particles in many cities (Greenwell et al., 2002 (Greenwell et al., , 2003 Moreno et al, 2004; Whittaker et al., 2004; Shao et al., 2006 Shao et al., , 2007 . The plasmid assay is based on the principle that any free radicals on the particle surface can cause oxidative stress on the supercoiled DNA. The preliminary oxidative damage causes the supercoiled DNA to become relaxed, while further damage results in linearization of the DNA. The different forms of DNA can be separated on agarose gel by electrophoretic mobility and quantified using sensitive densitometry. Bioreactivity is referred as a percentage of linearized and relaxed DNA accounting for total DNA.
In this study, airborne PM 10 samples (including dust storm particles) were collected in Lanzhou. The oxidative capacities of these samples were measured by plasmid DNA assay. ICP-MS was used to measure heavy metal concentrations of whole and water-soluble fractions of the PM 10 samples in order to investigate the relationship between particle oxidative capacity and heavy metal concentration. In addition, the relationship between the bioreactivity of PM 10 and meteorological conditions during the sampling periods was discussed.
MATERIALS AND METHODS

Sampling
Two sampling sites were selected for collection of Lanzhou PM 10 . The urban collection site was located in Chengguan District (Fig. 1) , which is a commercial and residential area in the valley. The samplers were installed on the fourth floor of Gesanghua Hotel, about 15 m above ground level and 100 m away from the main road. The suburban collection site was located in Yuzhong County (Fig. 1) , a small suburban town attached to Lanzhou City that lies to the east of the city and outside the valley. The samplers were mounted on the sixth floor of Yuzhong Gongxiao Hotel, about 18 m above ground level. Although no large-scale industrial pollution sources were present in Yuzhong County, pollution relating to domestic coal burning in winter was still prevalent.
Two samplers with Negretti selective head (UK) were used synchronously to collect PM 10 . Sampling flow of the sampler was 30L/min. In general, a-24 PM 10 was collected continuously 7 days per season at both the urban and suburban sites from December 2005 to October 2006. The PM 10 samples were collected on the Polycarbonate filters (47 mm diameter, 0.67 μm pore size, Millipore, UK). During sampling collection, meteorological parameters including temperature, humidity, wind direction/speed, and weather were recorded. In this study, twenty-two samples were selected for ICP-MS analysis and plasmid DNA assay, taking into account the meteorological characteristics and average mass concentrations for each season. The samples are detailed in Table 1 .
ICP-MS Experiment
The PM 10 samples were separated into whole and soluble fractions and analyzed chemically using a Thermo Elemental X Series (X7) ICP-MS, as described by Jones et al. (2006) . The mass of the polycarbonate filters was determined gravimetrically. First, the whole samples were diluted in chromatographically pure water and gently shaken in a vortex mixer (Scientific Industries, Vortex-Genie 2) for 6 hours, followed by 13,000 × g centrifugation for another hour. Finally, the supernatant (soluble fraction) was removed carefully using a pipette to obtain the soluble sample. The whole samples (500 μg each) were prepared by digesting a quarter of filter using concentrated nitric acid (Fisher Primar grade, specific gravity: 1.48). Digestion was conducted in a CEM MDS-200 microwave system using CEM advanced composite vessels with Teflon liners. The digested samples were then concentrated by evaporating the nitric acid and redissolving in 2 mL of 10% nitric acid. Samples were diluted to a 20 mL volume using deionized (> 18 MΩ) water. One milliliter of each sample was combined with a 50 ppb thallium standard (1 mL), and this solution was made up to 10 mL with 2% nitric acid for analysis in the ICP-MS. The experimental results were transformed into concentrations of the analyzed total elements or soluble elements in the intact whole samples, expressed in ppm.
Plasmid DNA Assay
The procedure for the plasmid DNA assay was conducted in accordance with the methods reported by Merolla and Richards (2005) and Shao et al. (2006) . In this paper, particle samples were separated into intact whole particle solutions and soluble fractions. The mass on the polycarbonate filters was determined gravimetrically. Then, a quarter of cut filter (with particles) was placed in a clean centrifuge tube (Scientific Industries, Vortex-Genie 2) with 15 mL HPLC-grade water, and intact whole particle solutions were obtained by gently shaking in a vortex mixer for 6 h to separate the particles as much as possible from the filter membrane. The soluble fraction of the PM 10 sample was obtained by shaking the intact whole particle solution in the vortex mixer (Scientific Industries, Vortex Genie 2) set at level 3 for 1 h followed by a 10,000 × g centrifugation for 1 h. At the end of this stage, the supernatant was removed carefully using a pipette; this supernatant represents the soluble fraction of the PM 10 samples.
The prepared intact whole particle solution and soluble fraction of each sample were incubated in chromatographically pure water at different concentrations. All incubations (n = 4) were carried out in a final volume of 20 μL, with each containing 200 ng φX174 RF DNA (Promega, London, UK). Incubations were gently agitated (in order to ensure maximum mixing of the sample and to avoid sedimentation) for 6 h at room temperature. Bromophenol blue/glycerol loading dye (3 μL) was added to each sample before loading. Gels comprising 0.6% agarose and 0.25% ethidium bromide were run in 1% tris-borate-EDTA (TBE) buffer, at an electrophoretic voltage of 30 V for 16 h and at room temperature. The finished gels were photographed and densitometric analysis was performed using the GeneTools program (Syngene Systems, UK). A semiquantitative protocol was established to measure the relative proportion of the damaged DNA (relaxed and linearized) in each lane of the gel (in terms of a percentage of the total DNA in each lane). The DNA damage rate induced by airborne particles was calculated by subtracting the damage caused by the negative control (water). Doseresponse curves were generated from the resultant data and an arbitrary unit was generated to facilitate comparison between different PM 10 samples. This arbitrary unit was defined as the toxic dose of particles necessary to cause 20% of the DNA to become damaged (TD 20 ) and a lower TD 20 value means a higher oxidative capacity or toxicity. A regression equation for each plot facilitated the calculation of the TD 20 .
Statistical Analyses
Statistical analyses were performed using the SPSS program (version 10.0). Correlation was conducted based on the Spearman correlation coefficient. A probability level of 0.05 was used as a cutoff for statistical significance.
RESULTS
Mass Concentration of Lanzhou PM 10
The mass concentrations of Lanzhou PM 10 at the urban and suburban sites during the sampling periods are presented in Table 1 and Fig. 2 . The monitoring data revealed that mass concentration of Lanzhou PM 10 exhibited seasonal variation at both the urban and suburban sites, with higher values in winter and spring, lower values in autumn, and lowest values in summer. For the urban site, average seasonal mass concentration of PM 10 was as high as 376.02 μg/m 3 in winter and as low as 139.51 μg/m 3 in summer. The monitoring data also indicated that the average PM 10 mass concentrations were higher at the urban site than the suburban site. For winter 2006, the average mass concentrations of PM 10 at the urban and suburban sites were 376.02 μg/m 3 and 141.77 μg/m 3 , respectively. The daily mass concentration of Lanzhou PM 10 at the urban site varied greatly in winter, ranging from 219.44 to 579.11 μg/m 3 (Table 1) . Furthermore, the mass concentration of PM 10 collected during the dust storm episode was shown to exceed 500 μg/m 3 .
Heavy Metal Compositions
ICP-MS was used to detect the concentrations of heavy metals in Lanzhou PM 10 . The analyzed heavy metals included Cr, Mn, Co, Cd, Cs, Pb, Zn, As, Ni, and Cu. The average concentrations of these heavy metals and their water-soluble fractions are presented in Fig. 3 : Zn was the metal present at highest concentrations in both the whole and water-soluble fractions, followed by Pb and Mn. Generally, the concentrations of the analyzed heavy metals in the intact whole samples were higher than those in the soluble fractions. Of all the elements analyzed, Pb and V were the most insoluble: their concentrations were 90% higher in the whole sample than in the soluble fraction. Conversely, Zn, Cd, and As in Lanzhou PM 10 were present mstly in their soluble forms. Whole and water-soluble Fe concentrations were analyzed for Lanzhou PM 10 samples collected in winter and spring (Fig. 3) . The results indicate that total Fe in the whole samples was very high, compared to that in the soluble fraction, indicating that most of the Fe element in Lanzhou PM 10 was insoluble.
Oxidative DNA Damage by Lanzhou PM 10 A total of 22 samples were analyzed to investigate the oxidative capacity of Lanzhou PM 10 collected at the urban and suburban sites and their TD 20 values were calculated by linear regression. The results of oxidative damage of airborne particles are presented in Table 2 . The urban samples generally exhibited lower TD 20 values, implying that the oxidative capacity of the PM 10 is highest in urban areas. Furthermore, the oxidative damage induced by Lanzhou PM 10 exhibited seasonal variation: TD 20 values were high (i.e., toxicities were low) in spring and autumn but low (i.e., toxicities were high) in winter and summer.
Additionally, the results indicated that the PM 10 samples collected during the Asian dust storm episodes and after rainy weather exhibited very low oxidative damage, with TD 20 values greater than 1000 μg/mL (Table 2) .
DISCUSSION
Correlation between Heavy Metal Concentration and Bioreactivity
In order to examine the most probable source of the oxidative capacities of Lanzhou PM 10 , the TD 20 values were correlated with the corresponding concentrations of heavy metals and their water-soluble fractions in the intact PM 10 samples. The TD 20 values were not correlated significantly with the total analyzed elements in the whole samples (correlation coefficient of -0.575; Fig. 4 ). In contrast, the TD 20 values of PM 10 samples displayed a strong negative correlation with the total analyzed water-soluble metal concentrations (Pearson correlation coefficient of -0.854), implying that the oxidative capacity of Lanzhou PM 10 is derived mainly from its water-soluble fractions. This finding is consistent with other reports from Beijing (Shao et al., 2006 (Shao et al., , 2007 and for UK particulate matter (Moreno et al., 2004; Merolla and Richards, 2005) .
In order to further elucidate the most probable sources of the oxidative capacities of airborne particles in Lanzhou, correlations were conducted between the TD 20 values and the analyzed water-soluble heavy metals in ambient particles (Table 3 ). The correlations between mass concentrations of water-soluble heavy metals (including Fe, V, Cr, Mn, Co, Cd, Cs, Pb, Zn, As, Ni, and Cu) and TD 20 values were conducted by means of Spearman's test. It can be seen that all heavy metals, except Ni and Cs, exhibit a negative association with TD 20 values. This is particularly true for Zn, Fe, Co, Mn, and Pb, which exhibit regression coefficients between -0.902 and -0.520 (Table 3 ), indicating that they were probably the heavy metals responsible for the plasmid DNA damage. Furthermore, it is interesting to note that high concentrations of water-soluble Zn, Fe, Pb, and Mn in the PM 10 samples exhibited relatively strong negative correlations with TD 20 values, suggesting that water-soluble Zn, Fe, Pb, and Mn may be the elements primarily responsible for the plasmid DNA damage.
Zn and Pb are defined as toxic elements by U.S. Environmental Protection Agency (EPA), and Zn is regarded as a bioreactive element (Adamson et al., 2000) . Previous studies have indicated that Zn is likely to be the major element responsible for plasmid DNA damage (Greenwell et al., 2002; Shao et al., 2006; Lu et al., 2006; Shao et al., 2007) , which is in agreement with the results presented in this study.
Fe is often linked to the oxidative damage caused by particles (Valavanidis et al., 2000; Han et al., 2001; See et al., 2007; Di Pietro et al., 2009; Charrier and Anastasio, 2011) , and soluble Fe affects oxidative capacity through (Shi et al., 2003; Risom et al., 2005; Vidrio et al., 2008; Nawrot et al., 2009) . The ICP-MS analysis indicated that, although total Fe concentration in the Lanzhou PM 10 samples was much higher than that in the soluble fraction, the concentration of soluble Fe was significant, reaching as much as 1105 μg/g. In Lanzhou, the relatively high watersoluble Fe concentration was associated with lower TD 20 values, suggesting that water-soluble Fe in Lanzhou PM 10 was one of the major causes of DNA damage.
Meteorological Conditions and Potential Toxicity of Lanzhou PM 10
In the study, the causal relationship between meteorological conditions during the sampling periods and the TD 20 values of PM 10 samples collected at the urban site was also investigated (Fig. 5) . No significant correlation was found between TD 20 values and average temperature during the sampling periods (r = -0.014, p > 0.05, n = 13). In contrast, the TD 20 values showed a relatively strong negative correlation with relative humidity (r = -0.611, p < 0.05, n = 13) and a relatively strong positive correlation with wind speed (r = 0.682, p < 0.05, n = 13), suggesting that lower wind speed and higher relative humidity may affect the particles in some way that indirectly increases oxidative damage to DNA. Meteorological conditions have a dominant influence on aerosol particle concentrations, especially under the lower wind speed and higher relative humidity . Some results also indicated that the physical properties or mixed degree of particulate matter can be changed under different relative humidity, which could weaken and enhance secondary aerosol formation (Von Hessberg et al., 2009; Cao et al., 2011; Li et al., 2010 Li et al., , 2011 Ram et al., 2012) . Therefore, one possible explanation is that low wind speed and high relative humidity could favor more water-soluble trace metals to be adsorbed and produced on PM. It is possible that high relative humidity contributed to secondary aerosol formation by promoting chemical reactions on the PM, resulting in more water-soluble transition metals that could impart more bioreactivity to DNA. In this study, there was no obvious correlation between the TD 20 values of PM 10 and the corresponding sampling temperatures. However, the PM 10 samples collected in summer (i.e., with the highest temperatures, more than 30°C) exhibited higher oxidative capacity (Fig. 5) . Kao and Wang (2002) and Venkatachari et al. (2005) demonstrated previously that the concentration of reactive oxygen species in airborne particles exhibited a strong relationship with photochemical reaction strength. Furthermore, it has been reported that the photochemical smog in Lanzhou in summer is very serious (Chen et al., 1986; Wang et al., 1989; Jiang et al., 2001) . Therefore, the strong oxidative capacity of Lanzhou airborne PM 10 samples collected in summer appeared to be associated with photochemical reactions. One potential explanation is that extremely hot weather in summer could contribute to photochemical conversion, which might increase the solubility of transition metals (i.e., Fe, Pb, and Mn) and increase their bioreactivity with DNA.
CONCLUSIONS
The monitoring data revealed that mass concentration of Lanzhou PM 10 exhibited seasonal variation at both the urban and suburban sites, with higher values in winter and spring, lower values in autumn, and lowest values in summer.
ICP-MS analysis showed that Zn displayed the highest concentration in both the whole and water-soluble fractions of all the analyzed heavy metals, followed by Fe, Pb, and Mn. ICP-MS analysis also demonstrated that Zn, Cd, and As in Lanzhou PM 10 were present mostly in their soluble forms, unlike Fe, Pb, and V, which were present mostly in their insoluble states.
Lanzhou airborne PM 10 collected at both the urban and suburban sites caused damage to supercoiled DNA at various levels. The TD 20 values of Lanzhou PM 10 ranged from as low as 10 μg/mL to more than 1000 μg/mL. In addition, the oxidative damage induced by Lanzhou PM 10 collected at both the urban and suburban sites exhibited seasonal variation, with the highest average TD 20 values and thus the lowest toxicity in spring, lower values and thus higher toxicity in autumn, and the lowest values and thus highest toxicity in winter and summer.
The results presented here indicate that oxidative damage induced by Lanzhou PM 10 collected at both the urban and suburban sites was sourced mainly from water-soluble Zn, Fe, Pb, and Mn. Furthermore, meteorological conditions (such as lower wind speed and higher relative humidity) during sampling periods may influence particle physical and chemical charateristics, which, in turn, may increase oxidative damage to the DNA.
